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R127intensively studied in the case of the
hippocampus in rodents during spatial
navigation, the origins and function of
theta-rhythms in primates are
comparatively poorly understood.
Evidence is accumulating, however,
that theta-frequency synchronization
between areas has a general role in
coordinating dynamic cell assemblies
between different brain areas. Apart
from the hippocampus itself, theta
rhythms have been observed in other
limbic structures such as the amygdala
or cingulate but also in many other
neocortical areas. Such theta rhythms
can, for example, be observed during
the maintenance period of working
memory tasks [13,14].
The analysis reported by Rey et al. [3]
adds visual awareness to this list, but at
the same time raises new wide-ranging
questions. Does successful visual
recognition require theta oscillations
and if so can signatures of the same
process be found in visual cortex?
Are visual recognition processes
interacting directly with the principle
generator of theta activity in the brain,
the cholinergic septum [16,18]? Clearly,
subjects without a functioning
hippocampus and surrounding areas
(where the neurons reported here were
recorded) are capable of performing
object recognition tasks and have
visual awareness [19], but they are
unable to form new declarative
memories. The long response latency
of human MTL neurons further
questions their direct involvement
in recognition processes [20]. An
alternative hypothesis is thus that,
as a consequence of visual recognition,
theta-oscillations are modulated to
facilitate plasticity in the MTL. This is
compatible with the crucial role thetaoscillations have in regulating and
coordinating synaptic plasticity [12,16].
New experimental designs are needed
to disambiguate these processes— for
example, can situations be created in
which subjects recognize but not learn
or learn but not recognize? If so, these
would be powerful candidates to
further deepen our understanding of
how recognition and learning interact
and what the role of theta oscillations
is in this interaction.References
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Export BanA recent study shows that nuclear export of the large ribosomal subunit is
regulated by a GTPase that blocks recruitment of the nuclear export factor
Nmd3 until remodeling of the pre-ribosome by the AAA-ATPase Rea1 (Midasin).Arlen W. Johnson
The ribosome is tasked with decoding
our genetic information, converting
nucleotide sequence into proteinsequence. It must do this with sufficient
speed to support cell growth and with
sufficient fidelity to avoid triggering
disease states. The ribosome is a
highly complex nanomachinecomposed ofw80 proteins and more
than 4,000 nucleotides of RNA that
must fold into a stable but dynamic
three-dimensional structure. The
ribosome must sequentially bind
and release multiple ligands, including
tRNAs, mRNA, translation initiation and
elongation factors, and chaperones.
How does a cell accomplish the
daunting task of assembling such
complex but flexible machines?
Matsuo et al. [1] now show that during
nuclear export of the large (60S)
subunit, the acquisition of a critical
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R128export factor, Nmd3, is regulated by the
interplay between the AAA-ATPase
Rea1 (Midasin) and the GTPase Nug2.
ATP-dependent remodeling by Rea1
depends on GTP-bound Nug2.
Following remodeling, GTP hydrolysis
by Nug2 releases it from the subunit.
Because the binding site for Nug2
overlaps that of Nmd3, 60S export is
inhibited until remodeling by Rea1.
Approximately 40 years ago, groups
led by Mysore Nomura and Knud
Nierhaus demonstrated that bacterial
ribosomes could be reconstituted from
their individual parts in vitro, without
the need for any accessory factors
[2,3]. This early tour de force showed
that the information for assembling
a ribosome was intrinsic to its
components. Despite this, neither
prokaryotic nor eukaryotic organisms
rely on spontaneous assembly and
even in simple eukaryotes like yeast,
over 200 accessory factors participate
in the assembly process, increasing the
rate and integrity of the assembly [4–6].
What mechanismsmight a cell use to
ensure the correct assembly of
ribosomes? One can imagine two
general approaches to this problem:
one structural and one functional.
A structural proofreading mechanism
would rely on a hierarchical assembly
pathway in which a given assembly
event would depend on the completion
of a prior event. Functional
proofreading, in its simplest form,
would involve assessing the functional
integrity of a newly assembled
ribosome during its first day on the
job — in its first translation event.
Two groups have recently presented
compelling evidence that maturation of
the small subunit involves a
subunit-joining event that depends on
the translation initiation factor eIF5B,
the eukaryotic homolog of bacterial
IF2 [7,8]. However, despite the use of
an initiation factor in subunit joining,
this event does not appear to involve
an mRNA. The 60S subunit also
undergoes a series of maturation steps
in the cytoplasm where it sheds
accessory factors and gains additional
ribosomal proteins. Critical among
these events is the release of eIF6,
which prevents association with the
40S subunit. eIF6 is released by a
GTPase that is closely related to the
translation translocation factor eEF2
[9]. But, although the pre-60S subunit
may engage in a ‘translocation-like’
event [10], it does not appear to engage
in translation. Thus, both subunits areput through dress rehearsals before
being allowed onto the stage of
genome translation. Are there earlier
checkpoints in ribosome assembly?
What about structural proofreading?
One of themajor cellular structures that
evolved in the eukaryotic lineage is the
nuclear envelope, the partition that
separates nuclear RNA processing
events from cytoplasmic gene
expression. Passage of
macromolecules through the nuclear
pore complex is highly regulated and
requires the recruitment of specific
transport factors to engage the nuclear
pore complex [11,12]. Large cargoes,
such as the large ribosomal subunit,
require the recruitment of multiple
export factors. In yeast, these include
Nmd3, Arx1, and the heterodimeric
mRNA transport complex Mex67–Mtr2
[13]. However, only Nmd3 appears to
be universally conserved in eukaryotes
as a 60S export factor. Nmd3 is
an essential protein that provides
a leucine rich nuclear export sequence
(NES) that is recognized by the general
export receptor Crm1 to promote
nuclear export [14,15]. Although the
function of Nmd3 in export is
well-established, how Nmd3 is
recruited to the nascent 60S subunit
in the nucleus has not been known.
It has been proposed that the
recruitment of Nmd3 could represent a
form of structural proofreading in which
amultivalent binding site comes into its
proper three-dimensional arrangement
only after completion of all nuclear
assembly events [16]. Thus, the
recruitment of Nmd3 could be coupled
to the physical assembly status of the
subunit, ensuring that only properly
assembled subunits acquire ‘export
competence’ and are flagged with a
Crm1-dependent NES. In the recent
work from Ed Hurt’s lab, Matsuo et al.
[1] show that the system is more
complex than this. Essentially, Nmd3’s
access to its binding site is physically
blocked by the presence of the GTPase
Nug2. Hurt and colleagues used a
powerful in vivo protein–RNA
crosslinking technique (CRAC) to
identify the RNA binding site of the
essential GTPase Nug2. They identified
RNA elements on the subunit joining
face and confirmed these by yeast
3-hybrid analysis. Remarkably, the
binding site for Nug2 overlapped with
the binding site for Nmd3, identified
previously by cryo-electron
microscopy of reconstituted
Nmd3–60S complexes [17] and furtherrefined in the present work using CRAC
on native pre-60S complexes. The
binding of Nug2 would appear to be
incompatible with that of Nmd3. This
model raises several questions and
makes several predictions. Namely,
how is Nug2 released to allow Nmd3
binding and, if Nug2 blocks Nmd3
binding, will Nmd3 bind prematurely in
the absence of Nug2? To test the latter,
the authors depleted Nug2 with a
degron-modified protein construct
and showed that Nmd3 nowassociated
with pre-60S particles at an earlier
stage of assembly. Thus, Nmd3 binds
prematurely in the absence of Nug2.
Whether or not this leads to premature
export of nuclear pre-60S subunits
is not yet known.
The results of Matsuo et al. [1]
suggest that Nmd3 isn’t simply waiting
for its binding site to be assembled.
Rather, Nug2 actively blocks its
binding. This brings us to the question
of what controls Nug2 release, which
has a more complicated answer. The
authors show that the activity of Nug2
is coupled to the function of the
conserved and essential AAA-ATPase
Rea1 (Midasin), the largest protein in
yeast. Late nucleoplasmic particles
contain both Rea1 and Nug2. Ed Hurt’s
lab previously showed that Rea1
is required for ATP-dependent
remodeling of the subunit to remove
the trans-acting factors Ytm1 and Rsa4
prior to export out of the nucleus [18].
Insight into the coupling between Nug2
and Rea1 comes from their study of
mutations in NUG2 that differentially
disrupt its GTP binding and hydrolysis
activities. Nug2 is a K+-dependent
GTPase. The different cation and
nucleotide requirements of Rea1 and
Nug2 allowed the authors to separate
their activities in vitro. From this work,
the authors conclude that both the
ATPase activity of Rea1 and the
GTPase activity of Nug2 are required
for the release of Nug2. However, the
more interesting results came from
analysis of two nug2 mutants that were
defective either for GTP hydrolysis
alone or hydrolysis and binding. The
nug2 mutant that could not bind GTP
prevented the release of Rsa4 and
Ytm1, implying that it inhibited the
ATPase activity of Rea1. The nug2
mutant that could bind but not
hydrolyze GTP promoted Rea1
function. GTP hydrolysis appeared to
be required only for release of Nug2
itself. These results imply that the
activity of Rea1 is dependent on Nug2
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R129binding GTP, demonstrating coupling
between Rea1 and Nug2 function.
Thus, as the authors propose, Nug2
appears to be a regulatory switch
that controls the ATP-dependent
remodeling of Rea1.
Considering the massive size of
Rea1, this interdependence of Rea1
and Nug2 activities for the remodeling
of the pre-60S subunit may provide
a means to monitor multiple assembly
events at disparate sites of the 60S
complex — structural proofreading
on a grand scale across the ribosome.
What does this work say about
functional proofreading? The issue of
nuclear translation has been raised
multiple times, including recent
reports of subunit joining. However,
our current understanding of ribosome
assembly, reinforced by this new work
by Matsuo, makes it virtually
inconceivable that a pre-60S subunit
could engage in translation in the
nucleus. As these authors clearly
demonstrate, the joining face is
occupied by multiple transacting
factors that would block its ability to
join a small subunit. Thus, if there is
functional proofreading, it must be
restricted to the cytoplasm.
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